Introduction: Mild behavioral impairment (MBI) is characterized by the emergence of neuropsychiatric symptoms in elderly persons. Here, we examine the associations between MBI and Alzheimer's disease (AD) biomarkers in asymptomatic elderly individuals. Methods: Ninety-six cognitively normal elderly individuals underwent MRI, [ 18 F]AZD4694 -amyloid-PET, and [ 18 F]MK6240 tau-PET. MBI was assessed using the MBI Checklist (MBI-C). Pearson's correlations and voxel-based regressions were used to evaluate the relationship between MBI-C score and [ 18 F]AZD4694 retention, [ 18 F]MK6240 retention, and gray matter (GM) volume. Results: Pearson correlations revealed a positive relationship between MBI-C score and global and striatal [ 18 F]AZD4694 standardized uptake value ratios (SUVRs). Voxelbased regression analyses revealed a positive correlation between MBI-C score and [ 18 F]AZD4694 retention. No significant correlations were found between MBI-C score and [ 18 F]MK6240 retention or GM volume.
INTRODUCTION
With the failure of over 100 dementia clinical trials to meet primary endpoints, convincing research groups of the relevance of launching new clinical trials on Alzheimer's disease (AD) progression prevention has become difficult. An often-cited reason for trial failure has been poor recruitment and retention in early phase illness, 1 and better and less costly methods are needed to capture preclinical and prodromal cases. Neuropsychiatric symptoms (NPS), when appropriately measured and operationalized, may offer an opportunity to meet that need to improve. 2 Although the primary clinical manifestations of AD are impairments of memory and cognitive function, NPS remain a highly prevalent and important source of distress for AD patients and their care partners. NPS include non-cognitive symptoms such as apathy, social withdrawal, anxiety and mood disturbances, irritability, compulsive behaviors, loss of empathy, and delusions, which are clinically associated with increased caregiver burden, greater functional impairment, and faster progression to severe dementia and death, and pathologically linked to greater plaque and tangle burden. [3] [4] [5] [6] In particular, NPS such as depression, anxiety, and agitation have been found to be associated with anomalies of both imaging and fluid AD biomarkers, including hypometabolism as measured by [ 18 F]-fluorodeoxyglucose (FDG)-positron emission tomography (PET) imaging, 7,8 brainamyloid deposition in the frontal and cingulate cortex as measured by [ 11 C]PiB PET, 5, 9, 10 as well as abnormal levels of -amyloid and phosphorylated tau in cerebrospinal fluid 11, 12 in both AD patients and in preclinical populations. Studies have shown that NPS in elderly individuals with normal cognition may be predictive of incipient cognitive decline, and may confer a greater risk of progression to more severe stages of AD in those with mild cognitive impairment (MiCI). 4, [13] [14] [15] Although early NPS have traditionally been associated with frontotemporal dementia (FTD), 16 the International Society to Advance Alzheimer's Research and Treatment (ISTAART) NPS Professional Interest Area, a subgroup of the Alzheimer's Association (AA), developed the ISTAART-AA criteria for mild behavioral impairment (MBI) to foster research into the relationship between NPS and dementias other than FTD. 15 The explicit goal of these criteria is to describe the 
HIGHLIGHTS
• Mild behavioral impairment (MBI) is a syndrome characterized by the appearance of neuropsychiatric symptoms in elderly persons.
• MBI is a potential marker of incipient cognitive decline and Alzheimer's disease (AD).
• MBI is associated with -amyloid deposition in cognitively normal elderly persons.
• MBI may be an early manifestation of AD pathophysiology before cognitive symptoms.
marker for incipient cognitive decline, and for some, MBI is the initial manifestation of a neurodegenerative disease, seen prior to cognitive impairment. In a population with clinically confirmed cognitive impairment, MBI was present in 83.5% of MiCI and 76.5% of subjective cognitive decline (SCD) cases. 18 Similarly, in a population-based community sample, using the same NPI-to-MBI transformation algorithm, MBI prevalence was 27.6% in the cognitively unimpaired and 48.9% in MiCI subjects, again likely reflecting inflated prevalence estimates. 19 It is notable that if MBI results are to be used to capture an at-risk state, potentially enriched for biomarker positivity, the operationalization of MBI criteria needs to yield specific results in an effort to minimize false positives.
To more precisely capture the higher risk MBI group, the MBI Checklist (MBI-C) 20 was developed as an MBI case-ascertainment instrument. This checklist mandates that later-life symptoms be sustained for at least 6 months and uses language suitable to functionally independent community dwelling older adults. In a primary care validation study, MBI prevalence was 14.2% in MiCI, 21 and 5.8% in SCD. 22 These lower frequencies are likely to more accurately represent the actual prevalence of MBI in such populations, and allow defining smaller groups with fewer false positives, for which it is easier and more cost-effective to test for positivity of other biomarkers.
The current study aims to further refine the construct of MBI and to investigate its neuropathological correlates in cognitively asymptomatic elderly individuals. We tested the hypothesis that elevated MBI-C scores are associated with early pathological stages of AD by assessing the relationship between the MBI-C score and AD imaging biomarkers within the context of the A/T/N classification scheme, 23 specifically brain burden of -amyloid as measured with [ 18 F]AZD4694
("A"), brain burden of tau as measured with [ 18 F]MK6240 PET ("T"), and regional gray matter (GM) volume using voxel-based morphometry (VBM) ("N"), in a group of cognitively normal elderly participants.
METHODS

Participants
For this study, we selected participants with normal cognition (CN; 
Assessment of mild behavioral impairment
MBI was assessed using the MBI-C, 20 To be given a "Yes" rating, symptoms must have persisted for at least 6 months, either continuously or intermittently, and represent a marked change from the normal pattern of behavior. An overall numerical score can be generated for the MBI-C by summing the severity ratings (with symptoms rated as "No" having a score of 0). The possible total scores for the MBI-C range from 0 to 102. Individual scores for each domain of the MBI-C can similarly be generated by summing the severity scores for reported symptoms in each category. A cut-off score of 8.5 on the MBI-C was used to confer a diagnosis of MBI to participants, based on a validation study of the MBI-C conducted in people with SCD. 22 
Genetic analyses
Determination of APOE genotypes was performed using the polymerase chain reaction amplification technique, followed by restriction enzyme digestion, standard gel resolution, and visualization processes.
Full details of this procedure can be found elsewhere. 24 
Radiosynthesis
Statistical analyses
Descriptive statistics of baseline demographics and scores of the MBI-C for the sample were summarized using the R Statistical Software Package (www.r-project.org/). We performed several correlation and regression analyses to explore the association between total score on the MBI-C and AD biomarkers, specifically brain -amyloid and tau burden as determined by [ 29 Then, voxel-based analyses of neuroimaging data were carried out using the VoxelStats toolbox (github.com/sulantha2006/VoxelStats), a MATLABbased analytical framework that allows for the execution of voxel-wise multimodal neuroimaging analyses. 30 We employed voxel-based linear regression models to evaluate the interaction between the total MBI-C score and -amyloid and tau deposition in the CN sample. Voxel-based linear regression models were also used to evaluate the associations between total score on the MBI-C and regional GM volume. Age, sex, years of education, and APOE 4 status were used as covariates in all voxel-based regression analyses. Random field theory 31 with a cluster threshold of P < 0.001 was used to correct all voxel-based regression analyses for multiple comparisons.
RESULTS
Baseline demographic characteristics
Baseline demographics are summarized in Table 1 . A total of 96 CN individuals were included in the present study. Participants were from 57 to 85 years of age.
Analysis of MBI based on the MBI-C
MBI-C data were collected for all individuals in the sample. A summary of MBI-C data can be found in 
Pearson's correlations
Results from Pearson correlation between the total MBI-C score and global [ 18 F]AZD4694 SUVR showed a moderate positive lin-ear relationship (R = 0.27, P < 0.0074; Figure 1A ). SUVRs for [ 18 F]AZD4694 were also computed only for the striatum, and results from Pearson correlation between total MBI-C scores and striatal [ 18 F]AZD4694 SUVR found a slightly stronger positive correlation (R = 0.3, P < 0.0028; Figure 1B) . None of the Pearson correlation analyses between total MBI-C score and [ 18 F]MK6240 SUVRs for global, Braak stage 1, and Braak stage 2 regions reached significance ( Figure 2 ).
Voxel-based regression analyses
Voxel-based linear regression investigating the relationship between retention did not reveal any significant correlations. Furthermore, voxel-based linear regression analysis between the regional GM volume and MBI-C score did not show significant correlation in any brain region.
DISCUSSION
We performed an exploratory study of the associations between F I G U R E 3 Voxel-based regression analyses between [ 18 F]AZD4694 retention and total MBI-C score. Images of voxel-based statistical parametric maps (left-to-right: horizontal, left medial, coronal) overlaid on a template structural MRI scan show significant correlation between mild behavioral impairment checklist (MBI-C) total score and [ 18 F]AZD4694 retention. Voxel-based analyses were corrected for age, gender, education, and APOE 4 status, and were corrected for multiple comparisons using random field theory at P < 0.001 suggests a link between MBI and increased amyloid pathology, representing preclinical AD in the A/T/N framework. The areas in which we found the strongest associations between elevated MBI-C scores and -amyloid PET uptake correspond to regions that are known to exhibit amyloidosis in the first phases of hierarchical amyloidosis in AD, specifically the neocortex, including frontal neocortex, followed by the striatum. 32, 33 This further strengthens the hypothesis of a link between MBI and early AD-related pathological changes. Our findings extend previous research demonstrating that certain NPS such as anxiety are associated with subcortical amyloidosis, 34 as well as previous reports on the associations between NPS such as apathy and anxiety and -amyloid deposition in the frontal and cingulate cortices. 5, 9 Our results are further supported by reports linking NPS with neurobiological correlates in frontal-subcortical circuits in AD. 35 Investigation of the association between MBI-C score and the tau biomarker category, specifically [ 18 F]MK6240 uptake, led to no significant associations in global or voxel-wise analyses. We, therefore, suggest that in cognitively normal elderly individuals, MBI is not associated with increased amounts of tau PET uptake, a reliable marker of tau pathology in AD. This result is not unexpected, as significant tau aggregation is rarely observed in cognitively unimpaired individuals.
Indeed, this serves to strengthen our original hypothesis by demonstrating that MBI is associated with early and not with later-stage AD pathophysiology. With regard to the neurodegeneration biomarker category, in this case, regional GM volume, we show that VBM analysis of MRI data indicated no significant correlations between GM volume and MBI-C score. Although previous research reveals many associations between NPS and GM atrophy in AD populations, [36] [37] [38] our result is expected for our cognitively normal population, given the lack of association between MBI and tau burden, and the temporal ordering of AD-related pathologies. 23 To our knowledge, our study is the first to assess the association between imaging markers of AD and MBI using an appropriate case ascertainment instrument, the MBI-C. We present in vivo evidence that MBI is linked to early AD pathology, specifically -amyloid pathology, in pre-clinical AD populations. Together, our results suggest that MBI, as measured by the MBI-C, may be used as an indicator of the preclinical stages of dementia and as a non-cognitive marker of neurodegenerative disease, further validating the research or clinical use of this diagnostic entity. Our results are concordant with those of previous studies associating MBI with incident cognitive decline and increased risk for progressing to dementia. 39, 40 Our suggestion that the MBI-C detects preclinical AD pathophysiology in advance of cognitive decline provides compelling evidence for clinicians and researchers to use the MBI-C as a screening tool for the enrichment of disease-modifying clinical trial cohorts, allowing for less expensive, more targeted case detection, and potentially addressing the poor recruitment and retention of early phase illness that has contributed to clinical trial failures. Furthermore, preliminary and simpler detection of preclinical AD may allow for earlier intervention with agents that either reduce amyloid, prevent tau hyperphosphorylation, or modify the amyloid-mediated generation of tangles.
The present study has methodological limitations that must be acknowledged. To begin with, MBI-C scores were obtained through the independent completion of the MBI-C by the study participant's informant, following given instructions. As a result, there is likely considerable variability in the reporting and scoring of behavioral symptoms, with certain persons considering some behavioral symptoms to be normal and not worthy of being reported, whereas others rating a behavioral symptom as much more severe than others. This is further influenced by who the participant's informant is (ie, their spouse, friend, child, neighbor, and so on) as well as how much time they spend with the participant, ultimately affecting their ability to determine if a certain behavior in the participant was sustained or intermittent for a period of at least 6 months. This is a further source of variation in our primary MBI measure, the MBI-C score, and affects our results. The MBI-C has since been validated for self-report, 41 and further iterations of this study can include MBI-C self-report to determine validity versus the traditional informant-based NPS approach. Another limitation to our study is the lack of longitudinal data for both the MBI-C and for PET acquisitions. Further investigation of MBI should incorporate longitudinal data in order to determine the ability of the MBI-C to predict changes in AD pathophysiology, and outcomes from this study would prove valuable in cementing the MBI syndrome as a prodromal stage of AD dementia as well as encourage its use in clinical settings and in treatment research. In addition, the sample size utilized in this analysis might have contributed to the negligible association between MBI-C score and tau burden. Finally, as we concentrated on evaluating markers for AD only, we have no way of estimating the specificity of this test for AD detection when other neurodegenerative conditions might be present.
In conclusion, our study supports the conceptual framework in which MBI, measured by the MBI-C, constitutes an early clinical manifestation of AD pathophysiology, before cognitive decline is detected.
This study contributes to establishing MBI as a preclinical stage of dementia in some and may contribute to an expanded use of MBI-C as a tool for disease-modifying intervention clinical trials in the recruitment phase of preclinical AD populations.
